The Subarctic copepod, Calanus finmarchicus, is an ecologically critical foundation species throughout the North Atlantic Ocean. Any change in the abundance and distribution of C. finmarchicus would have profound effects on North Atlantic pelagic ecosystems and the services that they support, particularly on the coastal shelves located at the southern margins of the species' range. We tested the hypothesis that the physiological rates and processes of C. finmarchicus, determining its vital rates, are unaffected by increases in CO 2 concentration predicted to occur in the surface waters of the ocean during the next 100 years. We reared C. finmarchicus from eggs to adults at a control (580 matm, the ambient concentration at the laboratory's seawater intake) and at predicted mid-range (1200 matm) and high (1900 matm) pCO 2 . There was no significant effect of pCO 2 on development times, lipid accumulation, feeding rate, or metabolic rate. Small but significant treatment effects were found in body length and mass (in terms of dry, carbon and nitrogen mass), notably a somewhat larger body size at the mid-pCO 2 treatment; that is, a putatively beneficial effect. Based on these results, and a review of other studies of Calanus, we conclude that the present parameterizations of vital rates in models of C. finmarchicus population dynamics, used to generate scenarios of abundance and distribution of this species under future conditions, do not require an "ocean acidification effect" adjustment. A review of research on planktonic copepods indicates that, with only a few exceptions, impacts of increased CO 2 are small at the levels predicted to occur during the next century.
Introduction
Predictions of long-term change in pCO 2 and pH in the ocean, and consequences for marine life, has driven intense research activity into the effects of these drivers on marine organisms (e.g. Caldeira and Wickett, 2003; Fabry et al., 2008; Dupont and Pörtner, 2013) . Meta-analyses indicate variable responses to pCO 2 among taxa, species within taxa, populations within species, and individuals in any given experiment (e.g. Kroeker et al., 2010; Whiteley, 2011; Garrard et al., 2013; Wittmann and Portner, 2013) . While this rapidly growing field of research indicates that some components of marine foodwebs may be vulnerable to ocean acidification, these differences in sensitivity make it difficult to predict the extent to which future change will disrupt ecosystems (e.g. Dupont et al., 2010; Gaylord et al., 2011) .
In pelagic ecosystems of the northern North Atlantic Ocean, the Subarctic planktonic copepod, Calanus finmarchicus, is an ecologically critical foundation species (Melle et al., 2014; Runge et al., 2015) . The lipid-rich stages serve as a primary source of energy to consumers such as herring (Clupea harengus), mackerel (Scomber scombrus), capelin (Mallotus villosus), and sand lance (Ammodytes spp.) that are in turn prey for top predators, including groundfish, tuna (Thunnus thynnus), marine mammals, and many seabirds (e.g. Skjoldal, 2004; Baumgartner et al., 2007; Johnson et al., 2011; Trenkel et al., 2014) . Since C. finmarchicus plays such a crucial role, any impacts of increased pCO 2 would likely have important consequences for coastal and shelf ecosystems of the northern North Atlantic.
Approaches developed to understand and predict population responses of C. finmarchicus and other zooplankton species to environmental change involve life cycle modelling (e.g. Carlotti et al., 2000; Maps et al., 2012) . Over the past several decades, advances in modelling have made it possible to couple these life cycle models with physical models that simulate water temperature and advective transport, allowing analysis of both the biological and physical processes determining the species' population dynamics (e.g. Speirs et al., 2006; Maps et al., 2011; Hjollo et al., 2012; Curchitser et al., 2013) . Decades of research have provided quantitative knowledge of the C. finmarchicus physiological rates that are needed to parameterize life cycle models (Melle et al., 2014) . These models would have to be re-parameterized if there are significant impacts of increased oceanic pCO 2 on these rates.
In this study, we investigated growth, development, feeding, and respiration rates of C. finmarchicus in response to increased dissolved CO 2 . We synthesized these findings with results from other studies on Calanus spp. to assess the impact of increased pCO 2 levels (predicted by realistic global change scenarios) on the physiological rates and processes in C. finmarchicus that determine its vital rates. We also compared the responses of C. finmarchicus with reported responses of other species in the genus, and across the Copepoda, in an effort to identify general patterns and mechanisms underlying their responses to future increases in pCO 2 .
Material and methods

Experimental design
Eggs were collected from wild-caught females and reared through all life stages in three replicate tanks for each of a control and two pCO 2 treatment levels. Two of the replicate tanks were monitored frequently, as described below, to measure developmental rates, body size, carbon, nitrogen and dry mass of each stage, and lipid accumulation at stage C5, as well as respiration and feeding rates at selected stages. The third replicate tank for each treatment was held under the same experimental conditions and served as a reserve if the two other replicates did not provide a sufficient quantity of samples as the experiment progressed.
Facilities and analysis of carbonate chemistry variables
Experiments were conducted at the Austevoll Research Station, Institute of Marine Research, Norway (60.086 N, 5.262 E) . Ambient seawater (serving as the control) was pumped from the Bjørn afjord at a depth of 160 m to the laboratory facilities, where it was first sand filtered then passed through a 20 mm Arcal disc filter before entering the experimental system. The ambient pH ( NBS ) of seawater at the intake depth is 7.95, corresponding to a pCO 2 of 580 matm. A depth of 160 m represents the lower end of vertical range of C. finmarchicus stages C1-C4 in spring in the Northeast Atlantic and is shallower than overwintering depths of stage C5 (e.g. Williams and Conway, 1988) . Water temperature flowing into the preparation room next to the experimental facilities was about 128C, rising slowly during the experimental period. In the preparation room, a high pCO 2 stock seawater solution was maintained at a pH of 5.8. The stock solution was mixed into holding tanks (100 l) to create seawater at treatment pCO 2 levels (ambient control, 1200 and 1900 matm: Table 1 ). The pH in each tank was maintained at pre-set pH levels by adding stock solution to the tank using dosage pumps (IWAKI) controlled by feedback from pH electrodes/controllers (Endress and Hauser, Liquiline CM 442). The pCO 2 treatment water in the holding tanks was then pumped to three header tanks in the temperature-controlled (128C) experiment room and distributed by gravity to the experimental tanks. The water level in the holding tanks was maintained by flotation valves. To maintain stable temperature and pH, water flow into the header tanks was much higher than the flow from header tanks to the experimental tanks. The 40 l experimental tanks, identical for all treatments, were 44 cm in diameter and made of high-density polyethylene (HDPE). The inlet tube into each experimental tank was fitted with a 60 mm mesh nitex screen, cleaned periodically to prevent contamination of the tank by microplankton from the plumbing system. The flow rate of water into the experimental tanks varied between 5 and 12 l h
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. Water in the experimental tanks drained through a screen (70 mm) placed over a perforated 35 mm diameter plastic standpipe running the height of the tank. This setup ensured very low exit flow rates at any point along the tube. As the copepods grew during the experiment, the size of the exit screen was increased to 150 mm. Early life stage copepods in close vicinity of the exit pipe could easily swim away from the suction and were not drawn back in, with no indication of stress or abnormal behavior. This system provided a sufficiently gentle environment for rearing copepod life stages while maintaining high water replacement within the tanks and stable pCO 2 treatment levels.
Routine measurement of tank conditions and analysis of carbonate chemistry were conducted to assess consistency of conditions during the experiment. Temperature and salinity in the tanks were measured daily with a hand-held multimeter (Cond 340i conductivity meter: WTW, Germany). The pH level in each exposure tank was measured daily in a 100 ml sample using a Mettler-Toledo pH meter equipped with a Mettler-Toledo InLab w ExpertPro pH-probe, calibrated with 4.00, 7.00, and 9.00 buffers (Certipur w buffer solutions, Merck KGaA, 64271 Darmstadt, Germany, traceable to standard reference material from NIST (NBS) (Andersen et al., 2013) . The daily electrode pH (mV) was corrected to the spectrophotometrically determined pH (pH tot ; see below) by plotting the mV from the pH electrode as a function of the (pH spec ). Over the course of the experiment electrode voltage was highly correlated with pH spec measurements (r 2 ¼ 0.985; Pearson Coeff. ¼ 20.992; p ,, 0.001; n ¼ 15).
The pH (tot) was measured spectrophotometrically twice per week (Hitachi U-2900 dual-beam) using the pH sensitive indicator dye m-cresol purple (Sigma-Aldrich) following SOP (standard operating procedure 6b: Dickson, 2007) . Samples of seawater were collected in 20 ml glass scintillation vials (leaving no head space) from all experimental vessels and held in a dark, 128C water bath for temperature equilibration. Preliminary experiments confirmed no deterioration in measured pH values during the first 8 h after sampling, and pH was always measured within 3 -5 h of sample collection. To make each pH measurement, 12 ml of each sample was slowly pipetted into two quartz cuvettes with a 5 cm path length (a modification of the 10 cm path length in SOP 6b). The cuvettes were sealed with a Teflon cover, and held at 128C in the temperaturecontrolled chamber of the spectrophotometer. M-cresol purple (10 ml) was added to the sample cuvette, while the second cuvette served as a reference. Absorbance was measured at 578 nm (A1), 434 nm (A2), and 730 nm (background). The sample cuvette was inverted three times and the absorbance was re-measured at the three wavelengths. We used equations in section 8.3 of SOP 6b to correct A1/A2 for the addition of dye. The pK2 and final pH value was determined from Liu et al. (2011, equation 18) .
Carbonate chemistry was determined from total dissolved inorganic carbon (C T ), total alkalinity (A T ), temperature, salinity, and nutrients (phosphate, silicate, and nitrate). Water was taken from all replicate tanks during the first and third weeks and at the end of the experiment and stored in a 1 l borosilicate flask with a ground glass stopper. The samples were poisoned with a saturated mercuric chloride solution (Riebesell et al., 2010) and stored in the dark at 88C until analysis. Dissolved inorganic carbon (C T ) was analysed by coulometric titration (Dickson, 2007 ) using a CM5015 coulometer (UIC Inc., USA) connected to a VINDTA 043 (Marianda, Germany) after acidification with 8.5% phosphoric acid. A T was analysed by potentiometric titration (Dickson, 2007) in an open cell with 0.1 M HCl using a VINDTA 042 (Marianda, Germany). Certified reference material provided by Andrew Dickson (Scripps Institution of Oceanography, San Diego, USA) was used to calibrate C T and A T measurements. An additional sample (20 ml) was collected, passed through a sterile 0.2 mm cellulous acetate syringe membrane filter (VWR-USA), and stored in HDPE bottles with HDPE caps with 50 ml of chloroform added. These samples were analysed for silica, phosphorus, and nitrogen. Carbonate chemistry parameters including pH (T) were calculated using CO2SYS2.1 (Lewis et al., 1998) with the standard set of carbonate system equations and constants of Mehrbach et al. (1973) after applying the refit of Dickson and Millero (1987) .
Phytoplankton culture and food distribution
The copepods were fed an algal mixture consisting of the cryptophyte, Rhodomonas baltica (6-8 mm equivalent spherical diameter, ESD), the prymnesiophyte, Isochrysis galbana (4-5 mm ESD), and the diatoms, Skeletonema costatum (6-7 mm ESD) and Chaetoceros mulleri (4-6 mm ESD). The algae were cultured at 228C in the phytoplankton culture facility at the Austevoll Research Station. Unialgal batch cultures were incubated in Superba TM NPK 14-4-21 in 100 l cylindrical plastic bags bubbled with CO 2 -mixed air under a 24 h light cycle at average light intensities of 100 mE m 22 s
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. The batch cultures were harvested in the exponential growth phase. Daily subsamples from the batch cultures were counted and sized using a Z2 Beckman Coulter Counter. Carbon content per cell (R. baltica: 18.1 pg cell
; I. galbana: 8.9 pg cell 21 ; S. costatum: 7.9 pg cell 21 ; C. mulleri: 8.1 pg cell 21 ) was determined from existing carbon volume conversion equations (Strathmann, 1967; Menden-Deuer and Lessard, 2000) . The volume of stock culture of each species needed to provide a 50:20:15:15 carbon ratio of R. baltica, I. galbana, S. costatum, and C. mulleri, respectively, to the control and treatment tanks was determined periodically. The food mixture was distributed from a 5 l reservoir to each tank using a peristaltic pump to maintain a nominal concentration of 600 mg C l
, taking into account the average water exchange rate of 10 l h
. Typical hourly dosage volumes (50-120 ml) of phytoplankton stock solution, with lower pCO 2 , were less than 1% of tank volume and did not alter treatment or control levels. Phytoplankton cell concentrations in each tank were monitored daily by counting subsamples using a Coulter Counter, following the methods described in Kim and Menden-Deuer (2013 
Initiation of the experiment
Calanus finmarchicus adult females used to inoculate the control and treatment tanks with eggs were collected in Bjørn afjord using either a light trap or plankton net. A light trap (500 mm mesh BellaMare) was deployed for 10 h at night from the dock at the research station (water depth: 40 m) at a depth of 20-30 m. Alternatively, copepods were collected using a 0.5 m diameter plankton net towed obliquely at low speed from 300 m to the surface in the adjacent fjord (water depth: 500 m). The animals were transported to a cold room (128C) in the laboratory where females were sorted. Females were maintained in large egg separators in 15 l of ambient control seawater and fed the stock algal culture at a concentration sufficient to support maximum feeding rates (i.e. .600 mg C l
21
). The containers were routinely monitored for egg production rate and hatching success until the start of the experiment.
The experiment was designed to ensure that all the tanks received eggs from the same population of females and had staggered start dates to allow the team of 2 -4 people sufficient time to sample and analyse each tank over the duration of the experiment. Females were evenly divided among four egg separators and immersed in an experimental tank. The egg separators (6 l) were constructed from 25 cm diameter PVC cylinders with a 500 mm nitex mesh bottom that retained females but allowed eggs to pass through. The females were fed using the food distribution system described above. After the females had released eggs for 24 -26 h, the cylinders were transferred to the next experimental tank. Tanks were transitioned to the appropriate pCO 2 treatment source immediately after inoculation. The total number of eggs in each tank varied between 13 000 and 55 000 ( Table 2) . Inoculations of replicate treatment tanks were staggered in a semi-random order. The A and B replicates were used for routine sampling of copepods for the measurements described below. One of the treatment replicates (High A: Table 2 ) was short lived and had to be restarted (High A, restart). A third replicate (Tank C) was also initiated as a backup for each treatment. Because of the late restart of High A, which did not complete the full developmental cycle by the termination of the experiment, samples of females were taken from High C to supplement measurements of mass for this treatment.
Biological measurements
Individual C. finmarchicus (average number: 37) were sampled daily from each tank to assess developmental progress. Age zero for each tank was set at 13 h, the midpoint after the start of inoculation with Experimental tank inoculations were staggered in a random order. Number of eggs starting in each tank estimated from the number of females, the inoculation duration and the estimated egg production rate (EPR: eggs female 21 d 21 ) from measurements made near the start, middle, and end of the inoculation period. The daily sampling data begins on the third day after inoculation and continues to the conclusion of that tank (N: total duration of sampling period). Temperature, salinity, pH (calibrated electrode readings), and cell counts were measured daily. Food concentration was determined by multiplying cell counts and pg C per algal cell. Mean and standard errors are provided. Temperature (mean + SD; n ¼ 43), salinity (mean + SD; n ¼ 43), and pH (calibrated electrode; mean + SD; n ¼ 43) values for each treatment during the 5-week incubation. pH (mean + SD; n ¼ 10) was also measured spectrophotometrically twice a week.
females which lasted for 26 h. Animals were subsampled with a large bore pipette immersed in different locations in the tank to obtain a random sample. Each sample was examined (staged and photographed) under a Leica MS5 dissecting scope fitted with a Planapo ×1.0 magnifier and an Olympus DP70 digital camera. The photographs were analysed for body length (nauplius stages) and prosome length (copepodid stages) using ImageJ software (NIH, USA). The area of the lipid oil sac in stage C1-C5 was measured using ImageJ software, and the lipid (wax ester) weight calculated directly from the oil sac area using the perimeter line method (Vogedes et al., 2010) .
Additional specimens of the developing life stages were removed from the experimental tanks every 1 -3 d (over a 7-week period) to measure dry weight and C and N mass, using methods similar to those reported in Campbell et al. (2001) . Dry weights of eggs and stages N1 -C4 were measured by pipetting a known number of single stage animals onto a pre-combusted 25 mm diameter glass fibre filter mounted on a filter holder and connected to a vacuum pump used to gently suction off seawater. The filter was rinsed with a standard amount of distilled water (3 ml). Controls were routinely run to account for loss in filter weight by this process, presumably from loose fibres that were suctioned off with the water. The preweighed filters were dried in an oven at 608C for 24 -48 h, reweighed to the nearest 1 mg on a Mettler-Toledo UMX2 microbalance, then folded into tin boats for C:H:N analysis. Some of the stage C4, and all the stage C5 and adult animals, were rinsed then placed individually into preweighed tin boats, which were then dried in the oven and re-weighed. The samples were taken back to the Darling Marine Center (Walpole, ME, USA) for measurement of C and N content. Those samples were combusted with a Perkin Elmer 2400 Series II CHNS/O analyser equipped with a thermal conductivity detector using ultra high purity helium as a carrier gas. While the dry weight and carbon mass of individual C5 and early adult stages were well above instrument levels of sensitivity, the N mass of individual C5 and early-stage adults was near the limit of sensitivity of the C:H:N analyser. Individual N masses that were ,1 SD above the N blank were discarded as unreliable, resulting in the loss of 32 observations.
Ingestion rate experiments were performed using C5 stage C. finmarchicus reared in the experimental tanks. The experiments were run for 24 h in the dark at 138C, with the animals feeding on the cryptophyte, Rhodomonas baltica (Equivalent Spherical Diameter: 6.0 mm) with a measured concentration of 2×10 4 cells ml
). Copepods from the three pCO 2 treatment levels were handpicked and placed into 2 l flasks at a concentration of four copepods per l. Algal concentrations at the start of the experiment were measured in triplicate using a Beckman Z2 Coulter Counter which required a total of 3 ml of sample (0.15% of total volume). Removed fluid was replaced with the same quantity of fluid at approximately the same algal concentration to ensure that no air bubbles were present in the feeding container. The combination of jar size and the number of copepods used was chosen such that changes in phytoplankton cell numbers due to grazing would be detectable (.5% decrease) yet would not deplete cell concentrations by .25%. Three control flasks (containing algae but no copepods) and three experimental replicates were used for each treatment. All experimental and control flasks were gently turned on a plankton wheel at 0.5 rpm to maintain algae in suspension. After 24 h, each jar was removed from the plankton wheel, and a 1 ml subsample (in triplicate) was withdrawn with a pipette for immediate cell counts. Initial and final cell concentrations were measured in each flask, such that each replicate provided an independent estimate of grazing or phytoplankton growth rate. Contents were then poured through a 100 mm Nitex screen to recover the animals. Copepods were counted and their number, stage, and viability verified. Only live animals were used in the grazing rate calculations. Ingestion rates were calculated based on the equations in Frost (1972) .
Oxygen consumption rates (OCRs) were measured using animals collected from each replicate tank and sorted for stage and sex (adult) under a binocular microscope. The animals were transferred to the experimental chambers (4.8 ml) filled with seawater (containing no air spaces) from their individual tanks. Experimental chambers were sealed with a ground glass top equipped with a small hole (0.4 mm) to accommodate the oxygen sensitive microelectrode. Between 10 and 30 individuals were used to measure the respiration rates of stages N3 and N6 and 1 -5 individuals for adults. Dissolved oxygen concentrations were measured with a Clark-type oxygen microelectrode (Unisense; Aarhus, Denmark). The linear response of each electrode was calibrated with 0.2 mm filtered seawater bubbled for a minimum of 1 h to set the 100% dissolved oxygen calibration point. The anoxic calibration point was determined by placing seawater into a silicone tube that was immersed in a solution of 0.1 M sodium ascorbate and 0.1 M sodium hydroxide for over 4 h. All oxygen measurements were made at 138C (+0.018C) in a ThermoScientific water bath (Model A10B with thermostat SC100). Oxygen concentrations within the chambers, measured every 2 s for up to 1.5 h, never decreased by .20% below saturation. Control chambers without animals were used to monitor oxygen changes due to microbial/algal respiration. Oxygen consumption was computed as the difference between the beginning and end of the incubation, corrected for changes in the control bottles. Data were normalized per unit dry weight obtained from both direct measurements and compared with literature data (Cohen and Lough, 1981) .
Data analysis
ANOVA was used to test for differences in experimental conditions among the tanks, and to test for differences among the control and two pCO 2 treatments in the biological variables. When the assumption of normality was not met, non-parametric tests were applied, as specified below. Except where noted, MATLAB statistical software was used to conduct the analyses.
To estimate instantaneous growth rate (g), we applied an exponential growth model (W t ¼ W 0 e gt ), where W is mass (in terms of dry weight, carbon, or nitrogen), g is growth rate (d 21 ) and t is age (d). Since the same females were used to inoculate each set of replicate tanks, and egg mass is assumed to be invariant (Runge, 1984) , we used a common initial mass for stage N3 (W 0 ), using values for egg dry weight, C and N mass from Campbell et al. (2001) and assuming no weight loss between during the non-feeding stages N1 and N2.
Before fitting the data to the model, measurements of individual copepods were averaged according to stage, sampling day, treatment and replicate tank. The mean measurements were more consistent across stages since observations of younger stages were based on up to 100 animals. Exponential growth between stage N3 and early-stage females was assumed. After 32 d, the mass of females is assumed to be constant as energy in females is shunted to egg production (Myers and Runge, 1983) . Growth equations were fit to data using the MATLAB fit function.
CO 2 concentrations do not have a negative effect
The effect of pCO 2 treatment on growth rate (stages N6 to early adult) was investigated using ANCOVA, after preliminary exploration to detect outliers and heterogeneity of variance (Zuur et al., 2009) . Mass was ln-transformed since it increases exponentially with age and ANCOVA assumes linear relationships. Age was set as the continuous explanatory variable and pCO 2 treatment as the co-factor. Residual plots for the model were inspected and revealed no violation of homoscedasticity. This analysis was conducted in the "R" statistical and programming environment.
Results
Conditions in the control and experimental tanks are summarized in Tables 1 and 2 Table 2 ). The seawater temperature in control and treatment tanks increased throughout the experiment, likely reflecting warming of ambient seawater at the intake, resulting in a net 0.58C increase across the experiment. The short-lived treatment tank (High A: Table 2 ) had the lowest mean temperature (12.498C). Excluding this tank, the overall mean temperature was 12.78C, with no significant differences among tanks (one-way ANOVA: d.f. ¼ 253, F ¼ 1.17, p ¼ 0.32). There was no observable change in salinity (overall mean: 35.12) over the course of the experiment.
The overall mean food concentration for the treatment tanks was 564 mg C l 21 (Table 2) . However, the variance of food concentration in each tank was higher in the first set of replicates (Bartlett test of equal variance; T ¼ 48.9; d.f. ¼ 9; p , 0.001) which was a consequence of refinements to improve food distribution as the experiment progressed. Food levels were above the critical concentration for Calanus species (Frost, 1972; Runge, 1985; Hirche et al., 1997) .
Overview of biological measurements
We were able to successfully rear C. finmarchicus adults from eggs spawned by wild females at the control (584 matm), mid-level (1232 matm), and high-level (1912 matm) pCO 2 concentrations. In all treatments, the nauplius and copepodid stages appeared healthy and exhibited normal swimming behaviours and evasion responses to our pipettes during sorting.
While we did not quantitatively measure survival rates, we noted large numbers of developing stages in all nine treatment tanks. The one high pCO 2 replicate (High A: Table 2 ) that suffered high mortality between stage N3-C1 was re-inoculated and had developed successfully to C1 at the time when the entire experiment was terminated. The reason for the crash of this one tank is not known, but there is no evidence that it was due to the pCO 2 treatment. Data from the samples collected from this tank are included in the figures and analyses below.
Development time
Copepod stages were enumerated and summed across replicate tanks on each age day for which there were samples. Development times at control and treatment levels were similar whether calculated as cumulative percentage (Campbell et al., 2001) or weighted stage value (Figures 1 and 2) . There was an initial delay of 1-2 d in transition from stages C4 to C5 in the high pCO 2 treatment. However, development at the high pCO 2 treatment returned to the same trajectory as the other treatments within several days and moulting to the adult stage occurred at the same time in all tanks. A Wilcoxon rank-sum test confirmed that there were no significant differences in development time among pCO 2 levels (Control vs. 
Prosome length
There was a small but discernible pCO 2 treatment-related difference in prosome length with respect to age across all stages (ANCOVA: d.f. ¼ 3398, F ¼ 29; p , 0.005; nauplius n ¼ 1421, copepodid stages n ¼ 1899, adult females n ¼ 84), although there was no consistent trend (Figure 3 ). The mid-pCO 2 treatment had the largest adjusted (age effect removed) overall mean prosome length 1.035 mm, significantly greater, by 5%, than the adjusted mean prosome length of both the control (0.989 mm) and high pCO 2 (0.974 mm) treatments, which were not statistically different. Removal of females and nauplii from the analysis did not change this result; the mid pCO 2 adjusted mean prosome length (1.480 mm) was still significantly larger (ANCOVA, d.f. ¼ 2652, F ¼ 48, p , 0.005) than the control (1.442 mm) and high treatment lengths (1.388 mm). However, the mean prosome length of females in the ambient control (2.568 mm) is significantly larger (ANCOVA, d.f. ¼ 80, F ¼ 11.1, p , 0.005), by 6 and 9%, respectively, than the mid (2.431 mm) and high treatment females (2.354 mm). Over the entire dataset, an analysis of covariance attributes ,0.2% of the variance to treatment, with the rest of the nonresidual variance attributed to age.
Growth rates: dry, carbon, and nitrogen mass
Across all treatments, the dry weight, nitrogen, and carbon mass of C. finmarchicus increased exponentially throughout development (Figure 4) . Growth rates are more accurately estimated from mass and age in days, regardless of the stage structure on any given day ( Figure 5 ). Fitted growth estimates (to mass and age in days, Figure 5 ) across the control and elevated pCO 2 treatments ranged between 0.23 and 0.24 d 21 in terms of dry weight and C mass, and between 0.21 and 0.22 d 21 in terms of N mass (Table 3) . ANCOVA analysis showed a significant effect of treatment on overall dry weight, C and N mass (small differences in intercept, notably for the mid pCO 2 treatment) but the interaction term was not significant when related to age. In other words, the rate at which mass increased over time (i.e. growth) was not significantly different between control and treatments ( Table 4 ).
The C:N ratio increased from an overall mean of 4.0 at Stage C1 to 7.9 at Stage C5, reflecting accumulation of lipid mass during copepodid growth. There was no consistent difference in C:N ratio across stages and treatments.
Lipid accumulation
Lipid mass was estimated in 107 mature stage C5 copepods (within 3 d of moulting to adult) from control and higher pCO 2 tanks. The mean lipid/dry mass ratio varied between 26 and 31% and was not significantly different (one-way ANOVA (F (2, 104) ¼ 1.2, p ¼ 0.305) among treatments (Figure 6 ). 
Ingestion rates
There were no significant differences in the ingestion rates of C. finmarchicus stage C5 reared at different pCO 2 levels (Figure 7 : one-way ANOVA; (F (2, 26) ¼ 0.51; p ¼ 0.61). Animals consumed on average 2.2 × 10 5 cells copepod 21 d 21 (8.37 mg C d 21 ) with average clearance rates of 11.0 ml copepod 21 d 21 at cell concentrations of 2.0 × 10 4 cells ml 21 . Total daily ingestion rates were 10.0% of the average body carbon (Figure 4) for stage C5. This is consistent with the maximum reported rate for adult females of this species (Mauchline, 1998) .
Oxygen consumption rates
OCR increased as a function of copepod stage in all pCO 2 treatments. There was no significant difference in OCR between the pCO 2 treatments (ANOVA: p . 0.5 for N3, N6, C5, Adults). The average OCR for adult females at 138C was 44 nmol O 2 ind 21 h
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. The data were fit to a modified exponential curve as a function of stage, OCR ¼ exp(6.55(S 2 20.69)), where S ¼ the numerical equivalent for each stage of the copepod (d.f. ¼ 13, F ¼ 221.3, p , 0.0001: Figure 8) . As a function of dry wt. (DW), OCR increased linearly, as OCR ¼ 0.10 + 0.15 × DW, F(2,13) ¼ 259.4, p ¼ ,0.001: Figure 9 ). When normalized to the copepod's dry weight, the OCR decreased linearly with stage, indicating that N6 stage animals consumed 400% more oxygen per unit dry weight than adult females (Figure 9 ).
Discussion
Effect of pCO 2 on Calanus finmarchicus vital rates
Oceanic pCO 2 concentrations predicted to occur during the next century did not directly affect C. finmarchicus development rate, growth rate, respiration rates, and feeding rates. Further, our Figure 4 . Calanus finmarchicus. Dry, carbon, and nitrogen mass (mg) as well as carbon to nitrogen ratio at each stage and treatment: ambient control (circles), mid CO 2 (triangles), and high CO 2 (squares). All replicates are shown. Mass of adult females was measured in only 1 replicate tank for the high CO 2 treatment; the experiment was terminated before individuals from the other high treatment tanks attained adult stage.
qualitative observations did not reveal any indication of differences in survivorship or behaviour. Our analysis did detect a small but significant treatment difference in prosome length and body mass, notably a somewhat larger body size in the mid-pCO 2 treatment (i.e. a putatively beneficial effect). This was driven mainly by the higher mass and length of stages C3-C5 in replicate tank Mid A (Table 2) . A more precise method for estimating mass at age, perhaps by measuring mass at the time of moult, might resolve whether there is indeed a small and perhaps beneficial treatment effect on body size at age.
Calanus finmarchicus is tolerant of elevated pCO 2
The evidence in support of tolerance of C. finmarchicus for predicted future pCO 2 levels is extensive and consistent (Table 5) . Experiments have been conducted on all life stages originating from both wild (this study) and cultured females (Pedersen et al., 2014a), including possible carry over effects from an F 1 generation through to the hatching success of eggs from F 2 females . These studies suggest that parental history (i.e. wild vs. cultured) is not an influential factor and they allay concerns about misrepresenting pCO 2 effects when extrapolating from one life stage (or sex) to another (Cripps et al., 2014) . While we did not measure them in this study, previous research is consistent in finding no effect of increased pCO 2 concentrations (,2000 matm) on egg production rate, fertilization, or egg hatching success Pedersen et al., 2014a, b) . Pedersen et al. (2014a) reported a significant decrease in body length and dry weight (by 5 -25%), as well as a significant increase (by up to 40%) in respiration rate in stage C5, as treatment pCO 2 increased from ambient to 3482 matm. However, this interpretation is based on linear regressions across all pCO2 treatment levels. Inspection of these data (Pedersen et al., 2014a: Figure 2) indicates Therefore, based on the evidence from our experiments and from other studies, we conclude that parameterization of physiological rates and processes determining C. finmarchicus vital rates in models of population dynamics of this species do not have to be adjusted to account for direct effects of ocean acidification at pCO 2 concentrations ,2000 matm.
Possible threshold response of Calanus finmarchicus to elevated pCO 2
Some studies on the effect of pCO 2 on C. finmarchicus indicate that there may be a response at concentrations .2000 matm. For example, Pedersen et al. (2014a) observed significant differences in the egg production rates of females at their highest pCO 2 treatment (3482 matm), although Mayor et al. (2007) found no effect on food-limited egg production rates at 8000 matm. Both Mayor et al. (2007) and Pedersen et al. (2013) reported substantial egg mortality at 8000 matm. Cumulative development time at stage C5 of the parental generation was delayed by 2.5 and 3.8 d at pCO 2 concentrations of 2200 and 3500 matm, respectively, but only at 3500 matm in the F 1 generation . Based upon these results, we suggest that pCO 2 impacts on C. finmarchicus vital rates would be best modelled as a step function, with effects occurring only above a threshold of 3000 matm, corresponding to pH values ,7.2. Importantly, however, these values are far beyond predictions of oceanic pH levels over the next several hundred years. Moreover, this threshold concept does not take into account the possibility for adaptation by the organism that would potentially mitigate the effects of even these high pCO 2 levels.
Possible indirect and multiple stressor effects of pCO 2 on Calanus finmarchicus
The possibility of indirect effects of pCO 2 on copepods (sensu Reum et al., 2015) have received little attention. The type and quality of the food available for C. finmarchicus to graze might be altered by pCO 2 Calanus finmarchicus. Ingestion rates of adult females reared in different pCO 2 conditions. One-way ANOVA: p ¼ 0.095; n ¼ 6, 10, 15, for ambient, mid, and high CO 2 treatments, respectively. (Rossoll et al., 2012) , affecting the copepod's ability to accumulate or synthesize key proteins, carbohydrates, or fatty acids. While our experiments were conducted at non-limiting food concentrations, food limitation might prevent individuals from obtaining sufficient energy to cover the possible added energetic costs of maintaining intracellular pH levels (Whiteley, 2011) . However, two studies Pedersen et al., 2014a) found that egg production rates in food-limited animals were not affected by pCO 2 levels ,2020 matm. Moreover, food was limiting in the growth experiments conducted by Pedersen et al. (2014a) . Thus, the evidence indicates that, even when food is limiting, growth and development are not affected by pCO 2 .
The timing of entry and exit from diapause, and its success, are critical to the modelling of C. finmarchicus population dynamics (e.g. Maps et al., 2012) . Because pCO 2 concentrations at the depths at which diapause occurs (500 -2000 m: Heath et al., 2008) are already at 800 -1500 matm (Hoffman et al., 2013) , present adaptation to elevated pCO 2 levels would be expected (Lewis et al., 2013) . However, successful diapause at depth is hypothesized to be dependent on fatty acid composition of the wax esters (Pond et al., 2012) , and effects of increased surface layer pCO 2 concentrations on fatty acid composition have not been studied.
There is also the possibility of multiple stressor interactions affecting physiological rates of C. finmarchicus. For example, an interaction between elevated surface layer temperature and pCO 2 concentrations would have ecological relevance for understanding shifts in distribution at the southern margins of the species' range. However, did not find an effect of elevated temperature (158C) on hatching success at pH levels .7.4, suggesting that the threshold for a pCO 2 effect may be lower, but still not of concern in the context of predicted increases in either temperature or pCO 2 . Nevertheless, further investigation of the possible combined effects of increasing temperature and pCO 2 concentration in surface waters on C. finmarchicus growth and development may be useful in the context of modelling the population dynamics under future scenarios at the southern margins of the species distribution.
The response of other copepods to elevated pCO 2 Calanus finmarchicus is currently the most studied species among the Copepoda with respect to the effects of pCO 2 . It is, therefore, reasonable to assess how well it represents the responses of other species of Calanus, and other copepod species generally. Whiteley (2011) concludes that there is considerable variability in the response of crustaceans to pCO 2 , but suggests that species exposed to a broad range of environmental conditions should be better equipped physiologically to tolerate increased pCO 2 and lower pH. As vertical migrators, older life stages of C. finmarchicus experience daily change between the ambient pCO 2 levels at the surface and higher pCO 2 levels at depth (up to 250 m: Plourde et al., 2001 ) and, in addition, stage C5 C. finmarchicus overwinter for months in deep water, as noted above. Other Calanus species have similar daily and ontogenetic migration behaviours and may, therefore, be more tolerant than smaller copepod species that always reside in surface waters (Lewis et al., 2013) . Studies of responses of Arctic species C. glacialis and C. hyperboreus, as well as the more temperate C. helgolandicus (Supplementary Table S1 ), generally report no effects at pCO 2 concentrations up to 3000 matm. However, Lewis et al. (2013) reported lower survival of nauplius stages believed to be a mixture of C. glacialis and C. hyperboreus at pCO 2 concentrations as low as 700 matm. If borne out, this suggests that even among Calanus spp. there is species and possibly population specificity in response.
We reviewed what is currently known about the effects of increased pCO 2 across the Copepoda (Supplementary Table S1 ). Not all life stages or life history characteristics have been investigated within any one species. Nevertheless, significant effects of pCO 2 concentrations ,2000 matm have been reported in only three studies. Effects on egg hatching success and nauplius survival of the estuarine and coastal copepod, Acartia tonsa, have been reported at pCO 2 concentrations of 1000 matm (Cripps et al., 2014) . Survival of adults and nauplii of the small but common cyclopoid copepod, Oithona similis, as well as the nauplius stages of C. glacialis (and possibly, C. hyberboreus, discussed above) were negatively affected at pCO 2 concentrations as low as 700 matm (Lewis et al., 2013) . Finally, body size and nauplius survival at low pCO 2 concentrations (400-600 matm) have been reported for the harpacticoid copepod, Tisbe battagliai (Fitzer et al., 2012) . All these species are either broadly distributed geographically and/or are exposed to a very wide range of environmental conditions. The life stages of Oithona and Tisbe, and the nauplius stages of C. glacialis and C. hyperboreus, are relatively small, consistent with the argument that smaller copepods are more sensitive than larger ones. However, many of the other species listed in Supplementary Table  S1 are also small, and we have discussed above that no effect of pCO 2 concentrations ,2000 matm have been observed in the Figure 8 . Calanus finmarchicus. OCRs of adult females reared in different pCO 2 conditions. Measurements at N3, N6, C5, and adult stages were made for all CO 2 treatments. ANOVA at each stage found no significant difference between treatments. OCR for N4, C1, and C2 stages were measured only at ambient CO 2 levels. Curve was fit to the pooled data from all measurements.
relatively small early life stages of C. finmarchicus. Interestingly, two of the three studies that report an effect of pCO 2 were conducted using animals that had been maintained in culture for many generations. Further research is needed to understand the extent to which some species may or may not be affected by relatively low pCO 2 concentrations and why, as well as their capacity to adapt (physiologically, epigenetically, and genetically) to changing conditions.
The tolerance of modern populations of C. finmarchicus to increased pCO 2 appears challenged somewhere 3000 matm (pH of 7.3). This appears true for other species of copepods as well. This threshold may be lower if individuals are simultaneously challenged by other environmental stressors. Whiteley (2011) reviews the mechanisms used by crustaceans to buffer the pH of their internal fluids using haemolymph proteins and bicarbonate ions (HCO 3 − ). If the same mechanisms are used by copepods, perhaps there is a threshold buffering capacity that is exceeded at very high pCO 2 concentrations. Comparison of the physiology and epigenetic/genetic control of intracellular buffering capacity of C. finmarchicus with that of a copepod species exhibiting low tolerance to elevated pCO 2 would provide insight into the basis for this physiological limit.
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